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glomeruli of the OK through a further increment in the biologi-Zinc deficiency further increases the enhanced expression of
cal action of endogenous angiotensin II in the OK. Zn defi-endothelin-1 in glomeruli of the obstructed kidney.
ciency appears to be a factor to worsen glomerular hemody-Background. Zinc (Zn) is an essential trace element in hu-
namics in the OK of the UUO setting of 72 hours durationmans and animals. We have recently documented that Zn defi-
through an increment in the biological action of the vasocon-ciency may aggravate tubulointerstitial nephropathy seen in the
strictors angiotensin II and ET-1.obstructed kidney (OK) of 72 hours duration through a further
increase in the activity of endogenous angiotensin II in the
OK. Also, it is known that the vasoconstrictors angiotensin II
and endothelin (ET)-1 may be implicated in the deterioration
The endothelin (ET) family consists of three structur-of glomerular hemodynamics caused in the OK. We therefore
ally and pharmacologically distinct isoforms: ET-1, ET-2designed the present study to examine the effect of Zn defi-
ciency on the expression of ET-1 and a potential role of endoge- and ET-3 [1–3]. Each isopeptide is encoded by separate
nous angiotensin II in the expression of ET-1 in glomeruli of genes and generated by enzymatic cleavage of the two
the OK of 72 hours duration. immature prohormones prepro-ET and pro-ET [1–3].Methods. Using reverse transcription-polymerase chain re-
ET-1 exhibits the most potent vasoconstrictive action ofaction and immunohistochemistry, the expression of prepro-
the ET family [1–3]. Also, this peptide is a more powerfulET-1 mRNA and ET-1 was examined in glomeruli of the con-
tralateral, non-obstructed control kidney (CLK) and the OK vasoconstrictor than angiotensin II [1]. Recently, angio-
from rats with unilateral ureteral obstruction (UUO) of 72 tensin II was reported to stimulate prepro-ET-1 mRNA
hours duration fed a standard or a Zn-deficient diet for approxi- expression and ET-1 production in glomeruli, culturedmately 50 days. The rats in each group were treated with saline
glomerular mesangial cells and cultured vascular endo-alone or the angiotensin-converting enzyme inhibitor enalapril
thelial cells [4–7], indicating that both angiotensin II andbefore and after ureteral obstruction.
Results. The expression of prepro-ET-1 mRNA and ET-1 ET-1 may synergistically act on the regulation of glomer-
was markedly greater in the OK than in the CLK in the standard ular hemodynamics in the kidney.
and the Zn-deficient diet groups. However, the expression of
There is a marked decline in single-nephron glomeru-prepro-ET-1 mRNA and ET-1 was substantially increased in
lar filtration rate (SNGFR) in the obstructed kidneythe OK of the Zn-deficient diet group relative to the OK of
the standard diet group. There were no significant differences (OK) following the release of unilateral ureteral obstruc-
in the expression of prepro-ET-1 mRNA and ET-1 between tion (UUO) [8, 9]. Initially, the decline in SNGFR occurs
the CLK of the two diet groups. Administration of enalapril as a consequence of an increase in intratubular backpres-
restored the expression of prepro-ET-1 mRNA and ET-1 in
sure caused by ureteral obstruction [8, 9]. Thereafter, thethe OK to levels seen in the CLK in the standard and the Zn-
alteration in SNGFR is maintained by a fall in glomerulardeficient diet groups. Enalapril produced no effects on the
expression of prepro-ET-1 mRNA and ET-1 in the CLK of capillary plasma flow (QA) and the ultrafiltration coeffi-
the two diet groups. cient (Kf) [8, 9]. The potent vasoconstrictors angiotensin
Conclusions. UUO of 72 hours duration may increase the II, thromboxane A2 and ET-1 are implicated in the fallexpression of prepro-ET-1 mRNA and ET-1 in glomeruli of
in QA and Kf [8–12]. In particular, angiotensin II playsthe OK through an increment in the biological action of endog-
a central role in the reduction in QA and Kf through theenous angiotensin II in the OK. Moreover, Zn deficiency may
enhance the expression of prepro-ET-1 mRNA and ET-1 in vasoconstrictive action and an increase in the glomerular
production of the vasoconstrictor thromboxane A2 [8–11].
However, there has been no available information onKey words: ureteral obstruction, prepro-endothelin-1 mRNA, essential
trace element, angiotensin II, enalapril. the expression and regulation of glomerular prepro-ET-1
mRNA and ET-1 directly affecting QA and Kf in theReceived for publication October 6, 1999
setting of UUO.and in revised form February 11, 2000
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requiring Zn for their function [13]. Zn deficiency causes Experimental protocol
growth retardation, dermatitis, depilation and dysfunc- Female Sprague-Dawley rats (N 5 100, Clea Japan
tion of the immune and reproductive systems [13]. It is Inc., Tokyo, Japan) weighing approximately 160 g were
known that humans, particularly young and aged per- pair-fed 13 g/day of either a standard diet containing
sons, are now in a Zn-subdeficient state [14]. Neverthe- 0.02% Zn (N 5 50) or a Zn-deficient diet where Zn was
less, it has not yet fully understood whether Zn deficiency not added (N 5 50) for approximately 50 days [14, 15].
affects the pathophysiology of diseases. In a previous Dietary compositions such as protein, carbohydrate, fat,
study, we found that Zn deficiency aggravates tubuloin- minerals and vitamin mixtures were identical except for
terstitial nephropathy seen in the OK of rats with UUO Zn content in the two diets. The composition of the
of 72 hours duration [14]. Zn deficiency increased the diets and the feeding methods were reported previously
infiltration of inflammatory cells into the enlarged tubu- [14, 15]. A Zn-deficient diet, however, contained 0.5 mg
lointerstitial space that occurred as a consequence of Zn/g diet when examined using an atomic absorption
ureteral obstruction [14]. The major mechanism involved spectrophotometer [14, 15]. The food consumption was
may have been a further increase in the biological action monitored daily over the dietary conditioning. The
of endogenous angiotensin II caused in the OK by Zn amounts of diet ingested were comparable in both diet
deficiency [14]. Based on this, it is speculated that Zn groups of rats.
deficiency also influences the expression of prepro-ET-1 At approximately 50 days after the initiation of dietary
mRNA and ET-1 in glomeruli of the UUO setting of 72 conditioning, the quantity (mg/g tissue) of Zn and Cu was
hours duration through an alteration in the activity of determined in duplicate in kidney tissue obtained from
intrarenal angiotensin II. rats fed a standard (N 5 6) or a Zn-deficient (N 5 6) diet
The present study was designed to examine the expres- using an atomic absorption spectrophotometer [14–16].
sion of prepro-ET-1 mRNA and ET-1, the effect of Zn Again, another group of rats fed a standard (N 5 44)
deficiency on the expression of prepro-ET-1 mRNA and or a Zn-deficient (N 5 44) diet were divided into two
ET-1, and a role of endogenous angiotensin II in the groups each, and intraperitoneally injected saline alone
expression of prepro-ET-1 mRNA and ET-1 in glomeruli (N 5 32 in each group) or 15 mg/kg of the ACE inhibitor
of the contralateral, non-obstructed control kidney (CLK) enalapril (N 5 12 in each group) dissolved in saline at
and the OK from rats subjected to UUO of 72 hours 24 hours, 12 hours, and 1 hour prior to the induction of
duration. In addition, the localization of prepro-ET-1 UUO, and every 12 hours following the induction of
mRNA and ET-1 was explored in glomeruli of the CLK UUO for 72 hours [10, 11, 14]. The last injection of saline
and OK from rats with UUO of 72 hours duration by alone or enalapril was done 1 hour prior to sacrifice.
means of in situ reverse transcription (RT)-polymerase UUO was performed under light ether anesthesia as
chain reaction (PCR) and immunohistochemistry. reported previously [10, 11, 14]. The rats were allowed
to have free access to distilled water and given a standard
or a Zn-deficient diet until the time of sacrifice.METHODS
Chemicals and reagents Blood collection and kidney paraffin blocks
Enalapril, an angiotensin-converting enzyme (ACE) The abdominal cavity of rats was opened under light
inhibitor, was kindly provided by Merk, Sharp & Dohme ether anesthesia at 72 hours following the induction of
(Rahway, NJ, USA). Collagenase type II was purchased UUO as reported previously [10, 11, 14]. Immediately
from Worthington Biochemical Corp. (Freehold, NJ, after ligation of the renal vein ipsilateral to the CLK or
USA). ISOGEN, a reagent for RNA isolation, was sup- OK, blood was collected from the ligated renal vein.
plied by Nippon Gene (Toyama, Japan). Proteinase K, Again, blood was obtained from the bifurcation of the
DNase and RNA PCR kits were obtained from Takara aorta. Each blood collection was done using different
Biochemicals (Shiga, Japan). AmpliTaq DNA polymer- UUO rats. Plasma renin activity, serum ACE activity
ase was purchased from Perkin Elmer (Norwalk, CT, and plasma concentrations of angiotensin II were then
USA). In Situ Hybridization kits were obtained from measured as reported previously [4, 17]. In another group
Dako Corp. (Carpenteria, CA, USA). Mouse mono- of rats, both kidneys were thoroughly perfused with ice-
clonal antibody (mAb) recognizing the cytoplasmic anti- cold Ca11 and Mg11-free Hanks’ balanced salt solution
gen ED1 of macrophages/monocytes (mAb ED1) was (HBSS) through the bifurcation of the aorta. The kidneys
purchased from BMA Biomedicals Ltd. (Augst, Switzer- were immediately harvested, decapsulated and longitu-
land). Polyclonal rabbit anti-ET-1 Ab was supplied by dinally sliced at a thickness of approximately 3 mm. The
Immuno-Biological Laboratories (Gunma, Japan). Block sliced preparations were then fixed at 48C overnight with
Ace, a blocking reagent, was purchased from Dainippon 4% paraformaldehyde dissolved in phosphate-buffered
saline, and mounted in paraffin blocks [4, 18] for thePharmaceutical Corp., Ltd. (Osaka, Japan).
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subsequent hematoxylin-eosin (H-E) staining, immuno- transcribed cDNA from 1 mg of total RNA under the
following conditions: denaturation at 948C for one mi-histochemical analysis and in situ RT-PCR study.
nute, annealing at 608C for one minute and extension at
Isolation of glomeruli 728C for two minutes. The housekeeping gene, GAPDH
cDNA (515 bp) was coamplified with 35 cycles underGlomeruli were isolated as described previously
[10, 11]. The kidneys perfused with Ca11 and Mg11- the same amplification protocol using a reaction mixture
composed of PCR amplification buffer, 0.025 U/mL Ta-free HBSS were dissected into cortices and medullas.
Glomeruli were obtained from cortices by differential kara Taq DNA polymerase, 1 mmol/L GAPDH cDNA
amplification primers (sense: 59-AATGCATCCTGCAsieving techniques (mesh sizes 250, 150 and 75 mm). Bow-
man’s capsule was then removed by 60 U/mL collagenase CCACCAA-39 and antisense: 59-GTAGCCATATTCA
TTGTCATA-39 [4, 18, 21, 22], and reverse-transcribedtype II and 0.03 mg/mL DNase treatment [10, 11]. The
glomeruli isolated were washed twice, and resuspended cDNA from 0.5 mg of total RNA. There was a linear
increase in each PCR product at least up to 40 cycles whenin ice-cold Ca11 and Mg11-free HBSS for the subse-
quent total RNA isolation. Purity of the glomeruli was examined using total RNA obtained from glomeruli of
the CLK and OK from rats with UUO of 72 hours dura-confirmed by light microscopy to be over 90% isolated
glomeruli, most of which were free of Bowman’s capsule. tion. In addition, a pair of primers for prepro-ET-1 or
GAPDH cDNA amplification has been confirmed to
Preparation of RNA specifically amplify the objective cDNA by sequencing
or by Southern blotting with the probe recognizing theTotal RNA was obtained from glomeruli using the
guanidinium thiocyanate extraction method as reported cDNA region between the primers [20–22].
previously [4, 18, 19]. In brief, glomeruli were homoge-
Semiquantitative analysis of PCR productsnized in 1 mL of ice-cold ISOGEN. Total RNA was pre-
cipitated with 500 mL of isopropanol. The RNA pellets Polymerase chain reaction amplification products were
separated by means of 2.0% agarose gel electrophoresiswere then washed with 1 mL of 75% ethanol, dried, and
dissolved in RNase-free distilled water. The quantitative [4, 18]. The gel containing ethidium bromide (0.5 mg/mL)
was visualized with UV light, and photographed withanalysis of total RNA was carried out at 260 nm and 280
nm using a Beckman UV 640 spectrophotometer. The Polaroid Type 667 positive film. The intensity of bands
was measured by densitometry for semiquantitation. TheOD260/OD280 ratio of all RNA samples used was over 1.8.
relative levels of prepro-ET-1 mRNA were determined
cDNA synthesis and amplification by the ratio of prepro-ET-1 cDNA/GAPDH cDNA.
To examine prepro-ET-1 mRNA expression, RT-PCR
In situ RT-PCRwas performed as described previously [4, 18]. Total
RNA from glomeruli was reverse transcribed to first- The kidney preparations mounted in paraffin blocks
were cut at a thickness of 8 mm, and placed on micro-strand cDNA in a reaction mixture consisting of RT
buffer (10 mmol/L Tris-HCl, 50 mmol/L KCl, 5 mmol/L scopic slides. To remove paraffin, the tissue sections were
incubated serially in xylene (10 min, 33), 99.5% ethanolMgCl2, 1 mmol/L deoxynucleotide triphosphate (dNTP)
mixture and 1 U/mL RNase inhibitor), 0.25 U/mL avian (5 min, 32), 95% ethanol (3 min, 32), 90% ethanol (3
min, 31) and 70% ethanol (3 min, 31). After washing formyeloblastosis virus (AMV) reverse transcriptase, and
2.5 mmol/L random primers under the particular incuba- five minutes with distilled water, the tissue preparations
were permealized by 0.001% proteinase K digestion, andtion conditions (308C for 10 min and 428C for 30 min)
controlled by a Programmed Thermal Cycler System immersed twice for five minutes each in TBS consisting
of 50 mmol/L Tris-HCl, pH 7.8, 0.05% Tween 20, 0.3(Astec, Tokyo, Japan). Following the incubation period,
the reaction mixture was heated at 998C for five minutes, mol/L NaCl and 0.02% NaN3. Subsequently, genomic
DNA of the preparations was decomposed by 5 U/mland immediately chilled to 48C.
Polymerase chain reaction amplification was per- DNase treatment. The DNase used was then inactivated
by heat treatment (958C for 5 min). The sections wereformed for prepro-ET-1 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) cDNA from glomeruli. Briefly, washed twice for five minutes each with TBS, dehydrated
through graded ethanol, and dried at room temperature.prepro-ET-1 cDNA (543 bp) was amplified with 35 cycles
in a reaction mixture consisting of PCR amplification To examine the localization of prepro-ET-1 mRNA
in glomeruli, in situ RT-PCR was carried out accordingbuffer (10 mmol/L Tris-HCl, 50 mmol/L KCl, 2.5 mmol/L
MgCl2, 200 mmol/L dNTP mixture), 0.025 U/mL Takara to essentially the same protocol as described above using
a Gene Amp In Situ PCR System 1000 (Perkin Elmer,Taq DNA polymerase, 1 mmol/L prepro-ET-1 cDNA
amplification primers (sense: 59-CGTTGCTCCTGCTC CT, USA). In brief, kidney sections were incubated in
RT buffer added 0.5 U/mL AMV reverse transcriptaseCTCCTTGATGG-39 and antisense: 59-AAGTCCCAG
CCAGCATGGAGAGCG-39) [4, 18, 20], and reverse- and 10 mmol/L random primers under the following ther-
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mal cycle conditions: 308C for 10 minutes, 428C for 30 were then washed in gently running tap water for 3 min-
utes (31), and immersed in distilled water for 1 minuteminutes, 908C for 5 minutes, 998C for 5 minutes and 48C
for 5 minutes. After RT of total RNA to first-strand (32). H-E staining was then performed for the sections
from each group of rats. For the immunohistochemicalcDNA, the sections were washed three times for five
minutes each with 23 saline sodium citrate, dehydrated study, on the other hand, endogenous peroxidase activity
of the kidney preparations was inactivated by 0.3% hy-by graded ethanol washes, and dried at room tempera-
ture. Successively, prepro-ET-1 cDNA was amplified in drogen peroxide treatment. The kidney sections were
then blocked for 10 minutes in a blocking solution (20%PCR amplification buffer containing 0.2 U/mL AmpliTaq
DNA polymerase and 1 mmol/L prepro-ET-1 amplifica- Block Ace), washed twice for five minutes each in TBS,
and incubated for two hours with mAb ED1 (1:700 dilu-tion primers under the following conditions: denatur-
ation at 948C for one minute, annealing at 608C for one tion) or with antiserum against ET-1 (1:150 dilution) in
TBS containing 0.1% bovine serum albumin (BSA).minute, and extension at 728C for two minutes. The sec-
tions were then dehydrated through graded ethanol, and Each dilution of preimmune serum was used as a nega-
tive control. After washing with TBS three times for fivedried at room temperature. In a preliminary experiment,
prepro-ET-1 cDNA in glomeruli of the CLK and OK minutes each, the sections were further incubated for 20
minutes with biotin-conjugated second Ab (LSAB 2 Kit,from rats with UUO of 72 hours duration was amplified
with 20, 25, 30, 35 and 40 cycles in order to determine the Dako Corp.) in TBS containing 0.1% BSA. The sections
were thoroughly washed with TBS, and reacted withappropriate number of PCR cycles. The optimal prepro-
ET-1 cDNA amplification was obtained with 30 cycles horseradish peroxidase-labeled streptavidin. Staining
was then carried out in 0.3% diaminobenzidine. Follow-when examined by light microscopy after in situ hybrid-
ization for prepro-ET-1 cDNA (see below). Therefore, ing nucleus staining with hematoxylin, the sections were
mounted with 2 mg/mL p-phenylenediamine in 50%in this study 30 cycles were utilized for the prepro-ET-1
cDNA amplification. glycerol. Monoclonal Ab ED1 was specific for the cyto-
plasmic antigen ED1 of macrophages/monocytes [23, 24].
In situ hybridization and color development The cross-reactivity of antiserum against ET-1 when de-
termined by immunoassay was 1% for ET-2 and 0.4%Kidney sections amplified by PCR were prehybridized,
hybridized, and washed using protocols developed by for ET-3 [4, 18].
Dako Corp. for the In Situ Hybridization kits. In a pre-
Determination of ED1-positive cellsliminary experiment, the sense or antisense prepro-ET-1
cDNA amplification primer, which was end-labeled with As described previously [25, 26], the number of ED1-
positive cells was determined by counting cells that im-biotin, was hybridized with prepro-ET-1 amplified cDNA.
The sense primer was hybridized with the prepro-ET-1 munoreacted with mAb ED1 within 150 glomeruli per
kidney section by light microscopy. The average numbercDNA much more intensely than the antisense primer.
Thus, the sense primer was used as a hybridization probe of glomerular ED1-positive cells was determined in six
separate UUO rats.in this study. After hybridization, the biotin-labeled hy-
bridization probe was reacted with alkaline phosphatase-
Statistical analysisconjugated streptoavidine. Staining was then performed
in a solution consisting of 100 mmol/L Tris-HCl, pH 9.5, All data reported represent means 6 SE. Comparisons
were based on Duncan’s multiple range comparison test5 mmol/L MgCl2, 100 mmol/L NaCl, 0.0075% 5-bromo-
4-chloro-3-indolyl phosphate and 0.015% nitroblue tet- or unpaired Student’s t-test or analysis of variance
(ANOVA) with Student’s t-test. Differences were con-razolium. The sections were dehydrated through graded
ethanol, and mounted with 2 mg/mL p-phenylenediamine sidered significant when P , 0.05.
in 50% glycerol. Kidney sections that were not treated
with DNase were used as a positive control. Again, kid-
RESULTS
ney sections that were amplified with no addition of
Effects of Zn deficiency on growthAmpliTaq DNA polymerase were utilized as a negative
control. Table 1 shows the changes in body weight of rats fed
13 g/day of a standard (N 5 10) or a Zn-deficient (N 5
Immunohistochemistry 10) diet for approximately 50 days. Every rat ingested
all the diets given daily and survived during dietary treat-The immunohistochemical study was conducted as re-
ported previously [4, 18]. The mounted kidney prepara- ment. Rats fed a standard diet had a sluggish, but signifi-
cant increase in body weight for seven weeks of dietarytions were cut at a thickness of 5 mm, placed on micro-
scope slides, and incubated for three minutes each treatment. However, rats fed a Zn-deficient diet showed
no significant increase in body weight during dietaryserially in xylene (33), 99.5% ethanol (32) and 70%
ethanol (31) for the removal of paraffin. The sections treatment. Consequently, rats fed a standard diet had
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Table 1. Rat body weight after administration of a standard ED1-positive cells at the glomerulus level of rats withor a zinc (Zn)-deficient diet
UUO of 72 hours duration fed a standard (N 5 6) or a
Weeks Zn-deficient (N 5 6) diet for approximately 50 days.
0 4 7 The immunohistochemical analysis found that no ED1-
positive cells were detected in most of glomeruli of theStandard diet 161.961.6 174.262.7c 179.363.8d
Zn-deficient diet 161.461.9 159.463.7a 161.764.4b CLK and OK from the standard and the Zn-deficient diet
Rats were pair-fed either a standard diet (13 g/day) or a Zn-deficient diet (13 groups. However, there was the significant infiltration of
g/day) for approximately 50 days. Body weight was measured just before the ED1-positive cells into the enlarged tubulointerstitiumstart of dietary treatment (week 0) and at 4 and 7 weeks after the initiation of
dietary conditioning. Data reported are means 6 SE of the values obtained from of the OK from both diet groups. The number of the
ten rats in each group. Intergroup comparisons were based on Duncan’s multiple cells was greater in the Zn-deficient diet group than inrange comparison test. Intragroup comparisons were based on unpaired Student’s
t-test. the standard diet group, being essentially consistent with
aP , 0.005 and bP , 0.01 compared to each body weight of the standard diet our previous observation [14].group
cP , 0.01 and dP , 0.005 compared to the body weight measured just before Table 3 shows the number of ED1-positive cells per
the start of each dietary treatment (week 0) 150 glomeruli of the CLK and OK from rats with UUO
of 72 hours duration fed a standard (N 5 6) or a Zn-
deficient (N 5 6) diet for approximately 50 days. Only
a few ED1-positive cells were observed in glomeruli ofsignificantly greater body weight than rats fed a Zn-
deficient diet at four and seven weeks following the initia- the CLK and OK from the standard and the Zn-deficient
diet groups. The number of glomerular ED1-positive cellstion of dietary treatment. These observations indicate that
Zn deficiency causes growth retardation in rats [13, 15]. was not significantly different between the CLK and OK
of the standard and the Zn-deficient diet groups and
Zinc deficiency-induced skin lesions between the CLK or OK of the two diet groups. This
observation indicates that macrophages, major ET-1 pro-Figure 1 shows skin lesions observed in rats fed a Zn-
deficient diet for approximately 50 days. Both depilation ducing cells, are not essentially involved in the expression
of ET-1 in glomeruli of rats with UUO of 72 hoursand erosion were observed in the back and eyelids. These
lesions appeared within 50 days after the start of dietary duration fed a standard or a Zn-deficient diet.
treatment. This observation was consistent with that pre-
Activities of renin and ACE and levels of angiotensin IIviously reported in Zn-deficient animals [13, 15].
Table 4 shows data on the activities (N 5 6) of plasma
Levels of Zn and Cu and the Cu/Zn ratio renin and serum ACE, and the levels (N 5 6) of angio-
tensin II in the renal vein of the CLK and OK of ratsTable 2 presents data on the quantity (mg/g tissue) of
Zn and Cu, and the Cu/Zn ratio in kidney tissue from with UUO of 72 hours duration fed a standard or a Zn-
deficient diet for approximately 50 days. The activitynon-operated rats that were given a standard (N 5 6)
or a Zn-deficient (N 5 6) diet for approximately 50 days. of renin and levels of angiotensin II were significantly
increased by 1.4 times in the renal vein of the OK com-Rats fed a Zn-deficient diet had a significant fall in Zn
content and a marked rise in Cu content in the kidney pared to that of the CLK in the standard diet group. As
well, the activity of renin and levels of angiotensin II weretissue when compared to rats fed a standard diet. Conse-
quently, these changes resulted in a profound elevation significantly greater by 1.6 and 1.8 times, respectively, in
the renal vein of the OK than in that of the CLK in thein the Cu/Zn ratio in the kidney tissue of rats fed a Zn-
deficient diet. Zn-deficient diet group. However, the activity of renin
and levels of angiotensin II were substantially augmented
Morphologic evaluation of glomeruli by 1.4 times in the renal vein of the OK of the Zn-
deficient diet group relative to that of the OK of theFigure 2 shows representative photomicrographs of
glomeruli obtained from the H-E stained kidney sections standard diet group. Zn deficiency did not affect the
activity of renin and levels of angiotensin II in the renalof rats with UUO of 72 hours duration fed a standard
(N 5 6) or a Zn-deficient (N 5 6) diet for approximately vein of the CLK. There were no significant differences
in ACE activity between the renal vein of the CLK and50 days. H-E staining revealed no significant morpho-
logic changes in glomeruli of the CLK and OK from the OK of the standard and the Zn-deficient diet groups and
between the renal vein of the CLK or OK of the twostandard and the Zn-deficient diet groups. This indicates
that glomeruli are structurally intact in rats with UUO diet groups.
Table 5 shows data on the activities (N 5 8) of plasmaof 72 hours duration fed a standard or a Zn-deficient diet.
renin and serum ACE, and the levels (N 5 8) of angio-
Glomerular ED1-positive cells tensin II in the aorta of rats with UUO of 72 hours
duration fed a standard or a Zn-deficient diet for approx-Figure 3 shows representative photomicrographs of
the immunohistochemical studies on the expression of imately 50 days. There were no significant differences in
Fig. 1. Skin lesions appearing in rats fed a Zn-deficient diet for approxi-
mately 50 days. Depilation and erosion can be seen on the back and
eyelids.
Fig. 2. Representative photomicrographs of
glomeruli obtained from the hematoxylin-
eosin stained kidney sections of rats with
UUO of 72 hours duration fed a standard (A)
or a Zn-deficient (B) diet for approximately
50 days. Magnification 3400. Abbreviations
are: UUO, unilateral ureteral obstruction;
CLK, contralateral, non-obstructed control
kidney; OK, obstructed kidney.
Fig. 3. Representative photomicrographs of
the immunohistochemical staining on the ex-
pression of ED1-positive cells at the glomeru-
lus level of rats with UUO of 72 hours duration
fed a standard (A) or a Zn-deficient (B) diet
for approximately 50 days. Arrows show the
ED1-positive cells (magnification 3200). Ab-
breviations are: UUO, unilateral ureteral ob-
struction; CLK, contralateral, non-obstructed
control kidney; OK, obstructed kidney.
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Table 4. Activities of renin and ACE and levels of angiotensin IITable 2. Levels of Zn and Cu and the Cu/Zn ratio in kidney tissue
obtained from rats fed a standard or a Zn-deficient diet for in the renal vein of rats with UUO of 72 hours duration fed a
standard or a Zn-deficient diet for approximately 50 daysapproximately 50 days
Zn Cu Cu/Zn Standard diet Zn-deficient diet
CLK OK CLK OKStandard diet 15.6860.38 4.9260.40 0.3160.03
Zn-deficient diet 11.1460.45a 15.1861.80a 1.3660.15a
Renin 39.062.7 54.563.6a 46.264.9 74.065.2c,d
The amounts (mg/g tissue) of Zn and Cu in kidney tissue were determined in ACE 27.461.0 28.560.9 28.661.3 29.760.6
duplicate using an atomic absorption spectrophotometer. Data reported are Angiotensin II 48.062.4 67.265.2b 53.763.0 94.868.1c,d
means 6 SE of the values obtained from six rats in each group. Statistical analysis
The activities of renin (ng/mL/h) and ACE (nmol/mL/min) and levels ofwas based on unpaired Student’s t-test.
angiotensin II (pg/mL) were determined in the blood samples collected from theaP , 0.005 compared to the standard diet group
renal vein ipsilateral to the CLK or OK (Methods). Data reported are means 6
SE of the values obtained from six blood samples in each kidney group. Statistical
analysis was based on two-way ANOVA with Student’s t-test. Abbreviations
are: ACE, angiotensin converting enzyme; UUO, unilateral ureteral obstruction;
CLK, contralateral, non-obstructed control kidney; OK, obstructed kidney.Table 3. Number of ED1-positive cells found in glomeruli of rats
aP , 0.01, bP , 0.025 and cP , 0.005 compared to each CLK valuewith unilateral ureteral obstruction (UUO) of 72 hours duration
dP , 0.025 compared to each CLK or OK value of the standard diet groupfed a standard or a Zn-deficient diet for approximately 50 days
Standard diet Zn-deficient diet
CLK OK CLK OK
Table 5. Activities of renin and ACE and levels of angiotensin II
6.0460.61 4.8660.81 6.5360.79 4.6860.83 in the aorta of rats with UUO of 72 hours duration fed a standard
or a Zn-deficient diet for approximately 50 daysThe number of ED1-positive cells was determined in 150 glomeruli counted
per kidney section (Methods). Data reported are means 6 SE of the number
Standard diet Zn-deficient dietof ED1-positive cells obtained from six UUO rats in each group. Statistical
analysis was based on two-way ANOVA. Abbreviations are: CLK, contralateral,
Renin 23.561.6 29.363.2non-obstructed control kidney; OK, obstructed kidney.
ACE 22.560.4 24.860.5
Angiotensin II 24.861.9 29.461.4
The activities of renin (ng/mL/h) and ACE (nmol/mL/min) and levels of
angiotensin II (pg/mL) were determined in the blood samples collected from
the activities of renin and ACE and in levels of angioten- the aorta (Methods). Data reported are means 6 SE of the values obtained
from eight UUO rats in each group. Statistical analysis was based on unpairedsin II between the aorta of the standard and the Zn-
Student’s t-test. Abbreviations are: ACE, angiotensin converting enzyme; UUO,
deficient diet groups, while the activity of renin and levels unilateral ureteral obstruction.
of angiotensin II tended to be increased in the aorta of
the Zn-deficient versus the standard diet group. The
quantitative order for the renal vein/aorta difference in
pro-ET-1 mRNA between glomeruli of the CLK fromthe activity of renin and levels of angiotensin II was: the
the standard and the Zn-deficient diet groups.OK of the Zn-deficient diet group . the OK of the
The expression of prepro-ET-1 mRNA was signifi-standard diet group . the CLK of the two diet groups.
cantly reduced in glomeruli of the OK from the standardThese observations indicate that Zn deficiency further
diet group that was treated with enalapril. No significantincreases enhanced activity of the renin-angiotensin sys-
differences in the expression of prepro-ET-1 mRNAtem in the OK of the UUO setting of 72 hours duration.
were observed between glomeruli of the CLK and OK
Relative levels of prepro-ET-1 mRNA from the standard diet group. Likewise, treatment of
the Zn-deficient diet group with enalapril decreased theFigure 4 shows data on the relative levels (N 5 6) of
expression of prepro-ET-1 mRNA in glomeruli of theprepro-ET-1 mRNA (Fig. 5) in glomeruli of the CLK
OK to levels comparable to that seen in glomeruli ofand OK from rats with UUO of 72 hours duration fed
the CLK. However, enalapril produced no effects on thea standard or a Zn-deficient diet for approximately 50
expression of prepro-ET-1 mRNA in glomeruli of thedays. The rats in each group were treated with saline
CLK from the standard and the Zn-deficient diet groups.alone or the ACE inhibitor enalapril before and after
The expression of prepro-ET-1 mRNA was comparableureteral obstruction (Methods).
in glomeruli of the CLK or OK from the standard andThe expression of prepro-ET-1 mRNA was signifi-
the Zn-deficient diet groups that were administered ena-cantly greater by 1.6 times in glomeruli of the OK than
lapril.in those of the CLK in the standard diet group. Similarly,
the expression of prepro-ET-1 mRNA was markedly
Localization of prepro-ET-1 mRNAenhanced by 2.3 times in glomeruli of the OK relative
Ordinarily, the in situ RT-PCR technique amplifiesto those of the CLK in the Zn-deficient diet group. How-
not only the objective mRNA, but also the target cDNAever, the expression of prepro-ET-1 mRNA was substan-
in cells that are not treated with DNase through thetially increased by 1.6 times in glomeruli of the OK from
process of RT to PCR. This technique, however, ampli-the Zn-deficient versus the standard diet group. There
were no significant differences in the expression of pre- fies the objective mRNA alone in cells that are treated
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Fig. 4. Relative levels of prepro-ET-1 mRNA
in glomeruli of rats with UUO of 72 hours du-
ration fed a standard or a Zn-deficient diet for
approximately 50 days. The rats in each group
were treated with saline alone or the angioten-
sin converting enzyme inhibitor, enalapril, be-
fore and after ureteral obstruction (Methods
section). Statistical analysis was based on
three-way ANOVA with Student’s t-test. Ab-
breviations are: ET, endothelin; UUO, unilat-
eral ureteral obstruction; CLK, contralateral,
non-obstructed control kidney; OK, obstructed
kidney.
with DNase because genomic DNA in cells is decom-
posed by this enzyme (Methods). Accordingly, the mes-
sage for the objective mRNA obtained by the in situ
RT-PCR analysis is observed in the cytoplasm of cells.
Figure 6 shows representative photomicrographs of
the in situ RT-PCR analysis representing the localization
of prepro-ET-1 mRNA expression in glomeruli of the
CLK and OK from rats with UUO of 72 hours duration
fed a standard (N 5 6) or a Zn-deficient (N 5 6) diet
for approximately 50 days. In glomeruli of the CLK and
OK obtained from the standard and the Zn-deficient
diet groups, the expression of prepro-ET-1 mRNA wasFig. 5. Relative expression of prepro-ET-1 (543 bp) and GAPDH (515 bp)
mRNA in glomeruli of rats with UUO of 72 hours duration fed a detected in the cytoplasm of mesangial cells, endothelial
standard or a Zn-deficient diet for approximately 50 days. Each mRNA cells and epithelial cells. In a positive control that waswas identified by means of RT-PCR. (A) presents glomeruli of the CLK
obtained from the standard diet group. (B) presents glomeruli of the not treated with DNase, the amplification of prepro-ET-1
OK obtained from the standard diet group. (C) presents glomeruli mRNA and cDNA was identified in the cytoplasm and
of the CLK obtained from the Zn-deficient diet group. (D) presents
nucleus of mesangial cells, endothelial cells and epithelialglomeruli of the OK obtained from the Zn-deficient diet group. Abbre-
viations are: ET, endothelin; bp, base pair; GAPDH, glyceraldehyde-3- cells, respectively. The amplification of prepro-ET-1
phosphate dehydrogenase; UUO, unilateral ureteral obstruction; CLK,
mRNA and cDNA, however, was not observed in a nega-contralateral, non-obstructed control kidney; OK, obstructed kidney;
RT-PCR, reverse transcription-polymerase chain reaction. tive control without AmpliTaq DNA polymerase addi-
tion (not shown).
c
Fig. 6. Representative photomicrographs showing the localization of prepro-ET-1 mRNA expression in glomeruli of rats with UUO of 72 hours
duration fed a standard (A) or a Zn-deficient (B) diet for approximately 50 days. Prepro-ET-1 mRNA was identified by means of in situ RT-PCR
(Methods). Arrows show the expression of prepro-ET-1 mRNA in mesangial cells, endothelial cells and epithelial cells (magnification 3400).
Abbreviations are: ET, endothelin; UUO, unilateral ureteral obstruction; CLK, contralateral, non-obstructed control kidney; OK, obstructed
kidney.
Fig. 7. Representative photomicrographs of the immunohistochemical staining on the expression of ET-1 in glomeruli of rats with UUO of 72
hours duration fed a standard (A) or a Zn-deficient (B) diet for approximately 50 days. The rats in each group were treated with saline alone or
the angiotensin converting enzyme inhibitor enalapril before and after ureteral obstruction (Methods). Arrows show the expression of ET-1 in
mesangial cells, endothelial cells and epithelial cells (magnification 3400). Abbreviations are: ET, endothelin; UUO, unilateral ureteral obstruction;
CLK, contralateral, non-obstructed control kidney; OK, obstructed kidney.
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Immunoreactive ET-1 absorption of Cu21 leads to the replacement of Zn with
Cu in both serum and tissue [13–16]. Consequently, theFigure 7 shows representative photomicrographs of
Zn-deficient condition is characterized by an elevationthe immunohistochemical studies on the expression of
in the Cu/Zn ratio in serum and tissue [13–16]. Thus, theET-1 in glomeruli of the CLK and OK from rats with
results of this study indicate that the kidneys of rats fedUUO of 72 hours duration fed a standard or a Zn-defi-
a Zn-deficient diet are deficient in Zn.cient diet for approximately 50 days. The rats in each
In rats with UUO of 72 hours duration fed a standardgroup were treated with saline alone (N 5 6 in each group)
diet, glomeruli of the OK had substantially greater ex-or the ACE inhibitor enalapril (N 5 6 in each group)
pression of prepro-ET-1 mRNA and ET-1 than those ofbefore and after ureteral obstruction (Methods).
the CLK. Blockade of the production of endogenousImmunoreactive ET-1 in glomeruli was detected in
angiotensin II with the ACE inhibitor enalapril reducedmesangial cells, endothelial cells and epithelial cells in
the expression of prepro-ET-1 mRNA and ET-1 in glo-the OK of the standard and the Zn-deficient diet groups.
meruli of the OK to levels seen in those of the CLK.The localization of ET-1 was consistent with that of pre-
Enalapril, however, did not affect the expression of thesepro-ET-1 mRNA (Fig. 6). Again, this observation essen-
substances in glomeruli of the CLK. It has been reportedtially coincided with that previously reported in glomer-
that the generation of angiotensin II is shortly increaseduli of the HgCl2-induced acute renal failure and the anti-
in the OK after the onset of UUO [10, 27], consequentlyGBM nephritis models [4].
leading to an increase in the biological action of angio-The expression of ET-1 was substantially increased in
tensin II in the OK [10, 14]. In the present study, we haveglomeruli of the OK relative to those of the CLK in the
also demonstrated that the biosynthesis of angiotensin IIstandard diet group. Similarly, the expression of ET-1
is substantially elevated in the OK of the UUO settingwas markedly greater in glomeruli of the OK than in
of 72 hours duration. Moreover, other researchers inthose of the CLK in the Zn-deficient diet group. How-
addition to ourselves have found that angiotensin II aug-ever, the expression of ET-1 was further augmented in
ments the expression of prepro-ET-1 mRNA and ET-1glomeruli of the OK from the Zn-deficient diet group
in glomeruli [4], and stimulates the synthesis of ET-1 inwhen compared to those of the OK from the standard
cultured mesangial cells [6]. Collectively, these observa-diet group. In contrast, immunoidentifiable amounts of
tions indicate that an increase in the biological actionET-1 were not found in glomeruli of the CLK from the
of endogenous angiotensin II caused in the OK as astandard and the Zn-deficient diet groups. This suggests
consequence of ureteral obstruction may be primarilythat the quantity of ET-1 in glomeruli of the CLK was
responsible for enhanced expression of prepro-ET-1below the limit of detection of the Ab used because
mRNA and ET-1 in glomeruli of the OK from rats withdetectable amounts of prepro-ET-1 mRNA were present
UUO of 72 hours duration fed a standard diet.in the glomeruli (Fig. 4).
Of greater interest was the finding that Zn deficiencyAdministration of enalapril prominently reduced the
further increased the expression of prepro-ET-1 mRNAexpression of ET-1 in glomeruli of the OK from the stan-
and ET-1 in glomeruli of the OK from rats with UUOdard diet group. As well, enalapril treatment remarkably
of 72 hours duration. Zn deficiency, however, exhibiteddecreased the expression of ET-1 in glomeruli of the
no influence on the expression of these substances inOK from the Zn-deficient group. Consequently, immuno-
glomeruli of the CLK. As with glomeruli of the OK fromdetectable amounts of ET-1 were not found in glomeruli
the standard diet group, suppression of the synthesisof the OK from the two diet groups. Enalapril, however,
of endogenous angiotensin II with the ACE inhibitorproduced no effects on the expression of ET-1 in glomer-
enalapril restored the expression of prepro-ET-1 mRNAuli of the CLK from the standard and the Zn-deficient
and ET-1 in glomeruli of the OK to levels comparablediet groups. The abundance of ET-1 paralleled the mag-
to that observed in glomeruli of the CLK. Enalaprilnitude of prepro-ET-1 mRNA expression in glomeruli
produced no effects on the expression of these substancesof the CLK and OK obtained from the two diet groups
in glomeruli of the CLK. These results indicate that Znthat were treated or not with enalapril.
deficiency may enhance the expression of prepro-ET-1
mRNA and ET-1 in glomeruli of the OK from rats with
DISCUSSION UUO of 72 hours duration through a further increase
in the biological action of endogenous angiotensin II inWe demonstrated in the present study a decrease in
Zn content, an increase in Cu content, and a rise in the the OK. In fact, the generation of angiotensin II was
substantially increased in the OK of the Zn-deficient dietCu/Zn ratio in kidney tissue from rats fed a Zn-deficient
diet. In general, there is a reciprocal relationship between group relative to the OK of the standard diet group.
Angiotensin converting enzyme is a Zn-requiring me-the intestinal absorption rates of Zn and Cu [13–16]. The
ingestion of a diet depleted of Zn augments intestinal talloenzyme to convert angiotensin I to angiotensin II
through hydrolytic cleavage of the carboxy-terminal di-absorption of Cu21 instead of Zn21 [13–16]. This increased
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peptide His-Leu of angiotensin I [13, 28]. Removal of Zn by of prepro-ET-1 mRNA and ET-1 may be significantly
increased in glomeruli of the OK through enhanced ac-metal chelators has been reported to completely inactivate
ACE [28]. In the present study, the activity of ACE was tion of endogenous angiotensin II caused in the OK as
a consequence of ureteral obstruction. Moreover, wenot decreased in the Zn-deficient diet group. It is known
that the activity of ACE is maintained by various metals have found that Zn deficiency, although exhibiting no
influence in the CLK, may potentiate the expression of(cobalt, manganese, etc.) other than Zn [28]. Thus, it is
possible that other trace metals instead of Zn play a role prepro-ET-1 mRNA and ET-1 in glomeruli of the OK
through a further increase in the activity of endogenousin the maintenance of ACE activity in the CLK and
OK of the Zn-deficient diet group. However, it is not angiotensin II in the OK. These observations suggest
that Zn deficiency is a factor to cause a further decline incompletely excluded that ACE in the CLK and OK of
the Zn-deficient diet group has the de novo synthesis SNGFR in the OK through an increase in the biological
action of the vasoconstrictors angiotensin II and ET-1.and/or still contains Zn enough to maintain the activity.
Although macrophages are major ET-1 producing Prepro-ET-1 mRNA is known to exist extensively in
mammalian cells [1]. Focusing on the kidney, prepro-cells [1, 29], in the present study we found that macro-
phages were not substantially involved in the expression ET-1 mRNA is constitutively expressed in glomeruli,
proximal tubules, the thick ascending limb of Henle andof prepro-ET-1 mRNA and ET-1 in glomeruli of rats
with UUO of 72 hours duration fed a standard or a Zn- collecting ducts [2, 20, 30, 31]. The expression of glomer-
ular prepro-ET-1 mRNA was demonstrated in wholedeficient diet. The in situ RT-PCR analysis revealed that
the expression of prepro-ET-1 mRNA in glomeruli was glomeruli and cultured glomerular cells by means of RT-
PCR and/or Northern blotting [20, 30, 31]. The in situlocated in mesangial cells, endothelial cells and epithelial
cells in the CLK and OK of the standard and the Zn- hybridization technique, a direct method for mRNA
identification using tissue sections, is not useful in thedeficient diet groups. Likewise, the immunohistochemical
staining exhibited that the expression of ET-1 in glomeruli determination of the cell types responsible for the ex-
pression of prepro-ET-1 mRNA in glomeruli, becausewas identified in mesangial cells, endothelial cells and
epithelial cells in the OK of the standard and the Zn- the quantity of prepro-ET-1 mRNA present in each glo-
merular cell of kidney sections may be below the limitdeficient diet groups. The localization of prepro-ET-1
mRNA and ET-1 in glomeruli coincided in both diet of detection of the in situ hybridization technique. There-
fore, we have developed a more sensitive method forgroups. As the aforementioned, the expression of prepro-
ET-1 mRNA and ET-1 was substantially increased in the identification of prepro-ET-1 mRNA in glomerular
cells of kidney sections. The in situ RT-PCR analysisglomeruli of the OK versus the CLK from the standard
and the Zn-deficient diet groups. When taken together used in the present study clearly detected the message
for prepro-ET-1 mRNA in mesangial cells, endothelialthese facts suggest that enhanced expression of prepro-
ET-1 mRNA and ET-1 observed in glomeruli of the OK cells and epithelial cells. This in situ RT-PCR analysis
may be a useful means of identifying trace amounts offrom rats with UUO of 72 hours duration fed a standard
or a Zn-deficient diet is the result of exposure of the mRNA in cells of tissue sections.
In summary, the present study has demonstrated thatmesangial cells, endothelial cells and epithelial cells to
elevated levels of endogenous angiotensin II caused in UUO of 72 hours duration may augment the expression
of prepro-ET-1 mRNA and ET-1 in glomeruli of thethe OK as a consequence of the UUO setting or the Zn-
deficient UUO setting. OK through an increase in the biological action of endog-
enous angiotensin II in the OK. Moreover, we haveA marked fall in SNGFR is observed in the OK follow-
ing the release of UUO [8, 9]. This decrement in SNGFR found that Zn deficiency may enhance the expression of
prepro-ET-1 mRNA and ET-1 in glomeruli of the OKresults from a reduction in QA and Kf [8, 9]. The potent
vasoconstrictors angiotensin II, thromboxane A2 and through a further increase in the biological action of
endogenous angiotensin II in the OK. Zn deficiency ap-ET-1 are involved in the alteration in SNGFR observed
in the OK by reducing QA through an increment in glo- pears to be a factor to aggravate glomerular hemody-
namics in the OK of the UUO setting of 72 hours dura-merular arteriole resistance, and by decreasing Kf due
to mesangial cell contraction [8–12]. To the best of our tion through an increase in the biological action of the
vasoconstrictors angiotensin II and ET-1.knowledge, the expression of glomerular ET-1 directly
affecting QA and Kf in an autocrine and/or paracrine
fashion has not yet been examined in the OK. The patho- ACKNOWLEDGMENTS
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